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Quick ReferenceData

Heat of Vaporization/Low AmbientTemperatureStaithzg

Btus/lb
Gasoline 150
Ethanol 396
Methanol 506

Ethting VehicleWairanties

The warrantiesof mostpassengersvehiclessold in the United Statescover the following
fuel concentrationsin gasoline:

Ethanol 10%
Methanol 3-5%
MTBE 15%

RexibleFuel VehicleMileage/Range

(1987 Crown Victoria)

Range
Miles per gallon (18 gallon tank)

Gasoline100 16.0-17.4 288-313
M25 14.3-15.5 257-279
M50 11.9-12.7 214-229
M85 9.2-10.2 166-184
M100 8.5-8.8 153-158
E85 12.2-12.8 220-230
E95 11.8-11.9 212-214

- Fueleconomy: Dueto higherheatingvalue,straightgasolineprovideshigher
mileagepergallon than any alcohol blendor neatfuel.

- Fuelefficiency: Alcohol fuelsaremore thermodynamicallyfuel efficient than
gasoline,i.e., alcoholsusefewer Btus per mile traveledthangasoline.
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Useful Terms and Definitions (also seeGlossary)

• Enthalpy Requirement: The additional heat input requiredby the engine’s fuel
induction systemto achievethe fuel vaporizationfor smoothoperation.

• Vapor Lock: Reducedfuel flow to the enginedue to increasedvapor formation,
generallycausedby high operatingtemperatures.
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Section 6
ENGINE AND VEHICLE OPERATION ISSUES

• Low Ambient TemperatureStarting
• High TemperaturePerformance
• Vehicle Range

Introduction

Proper operation of a vehicle dependson severalfactors. In
addition to the quality of the delivered vehicle, adherenceto
scheduledfactory maintenanceis important in assuring proper
operation. Vehicles designedto run on gasoline are generally
warrantedto operate on low level ethanol, methanol and ether
blends. The majority of the world’s automobilemanufacturers
warranttheir vehicles to operateproperly with oxygenatedblends
accordingto the limits below:

Ethanol 10%
Methanol 3-5%
MTBE 15%.

For a complete listing of warrantiesrefer to [1].

Of the alcohol-blendingagents available, methanol is the most
controversial. Severalautomobilemanufacturersspecificallywarn
theconsumeragainsttheuseof blendscontainingmethanolin their
production vehicles. This is due primarily to concerns about
acceleratedengine wear, and possible incompatibility with fuel
systemcomponents.

Vehiclesdesignedto runon higherblendsof alcoholsthanthe low
levels noted above often exhibit certain driveability problems.
Driveability can referto afuel’s volatility characteristicsas well as
to any methodfor judging the overall performanceof a particular
vehicle. Alcohol-fueled vehicles have been reported to have
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difficulties with low ambienttemperaturestarting,high temperature
performance,and reducedvehicle range. An additional areaof
concern,fuel systemcomponentfailures, is examinedin Section7.

Low Ambient Temperature Starting

Methanol and ethanol have much greater latent heat of
vaporizationvaluesthangasoline(i.e., theyrequiremoreheat/gram
to vaporize completely). Whereas the value for gasoline is
approximately150 Btu/lb (348.9U/kg), thevaluesfor neatalcohols
are:methanol- 506 Btu/lb (1176 U/kg); andethanol- 396 Btu/lb
(921.1 Id/kg). [2] Consequently,thewarm-upperiod is extended
andacceptabledriveabilityduringthis phaseof engineoperationis
moredifficult to achieve.

The effect is more pronouncedastheambienttemperaturedrops
and theproportionof alcohol or alcohol-basedether in a blend
increases.The testingmethodsfor cold startingamongresearchers
vary considerably,with the testing temperatureandthe definition
of a successfulstart being key differences. Recentresearchhas
shownthat low ambienttemperaturesaffect both low level blends
aswell asneatalcoholvehicles.

- Low LevelBlends

Traditionally, the midpointof a gasoline’s ASTM distillation curve
has been used as a principal cold-weatherdriveability control
parameter.This methodis importantbecauseit providesthebasis
on which gasolineproducerscan set their specificationsto ensure
properdriveabilityperformancethroughoutthevehiclepopulation.
Becauseof non-idealvolatilitybehaviorof alcoholfuels,researchers
have defined a new volatility parameter termed “enthalpy
requirement”.[3] It is definedastheadditionalheatinput required
by theengine’sfuel inductionsystemto achievetherequireddegree
of fuel vaporizationfor smoothoperation.Initial testinghasproven
it to be equivalentto the ASTM midpoint parameterfor gasoline
operation. Whereasthe “ElOO” ASTM midpoint parameterhas
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under-predictedthe driveability performanceproblemswith low-
level (20% methanol,10% MTBE) blends,the StandardEnthalpy
Requirement Parameter(SER)works equally well with hydrocarbon
andoxygenatedblends.

The effect of low temperatureson low-level alcohol blends is
unclear. Theoretically, a 10% ethanol blend raisesthe RVP of a
blend by 1 psi. Raisingthe Reid Vapor Pressure(RVP) in the
winter is a typical methodof improving cold startability. However,
becauseof the leaningeffect of the alcohol, the overall effect will
dependon thevehicle fuel system. The leaningeffectwill be more
noticeablein olderopen-loopcarburetedvehicles. Newervehicles
are equipped with more precise fuel metering methods (fuel
injection and closed-loopcontrol) which calibrate themselvesfor
slight differences in oxygencontent. Fleet resultsarevaried. For
more information, refer to [4,5]. Mixtures of 10%ethanol - 90%
gasoline arein widespreaduse in a numberof U.S. regionswith
severewinters,andno major difficulties in cold-winterstartinghas
beenreported. However,work at Volkswagen(Figure 6-1), has
shownthat ablendcontaining3.7% oxygenby weight, obtainedby
mixing 3% methanol and 5% ethanol, produced disruptions in
driveability in a carbureted “Polo” sedan which were not
acceptable.[6]

Figure 6-1., Driveability demerits with oxygenated
components.
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NesteOy of FinlandtestedMTBE blendsup to 25% down to
-25°C. Their temperaturedata show that the cranking time
increases as the MTBE concentration increases and the
temperaturedecreases.The authorsconcludebasedon a demerit
ratingscalethatMTBE doesnot detractfrom vehicleperformance.

[7]

- High LevelBlends

Policy Issue #1

The effect of low temperatureson neatand high level blends
Is very clear: theybecomedifficult to start. Much effort has
been spent on increasingthe reliability of cold starting for
thesefuels.

To aid in startingneatalcoholfueledvehiclesat low temperatures,
manyhaveexperimentedwith theuseof “add-on” technologysuch
asdual fuels, fuel heaters,dissociationof methanolinto hydrogen
and CO, and dehydrationof methanol into dimethyl ether and
water. [8,9]

Auto manufacturerssuch as Ford believe that the additional
hardwareneededfor suchsystemsis not a practicalsolution[10].
Instead,throughthe use of cold start enginecalibrationsthey can
achievecold start on M-85 down to -20°F(-29°C).[11]

GeneralMotors hassuccessfullycold starteda port fuel injected,
2.5Lspark ignitionenginedownto -20°F(-29C) using 10.5 psi RVP
M-85 fuel without heatersor auxiliary fuel injectors. The engine
usedanexponentialdecayalgorithmfor the amountof fuel injected
into thecylindersduringcranking,alongwith ahigh currentignition
system.[12]

Thecold start limits of neat(i.e., 100%pure)alcoholscomparedto
seasonalgasolineblendsareshownbelow in Figure6-2. [13] As
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mentionedbefore, a fuel’s ability to start at low temperatures
dependson its RVP. RVP is normally measuredat a temperature
of 38°C,andat that temperaturea typical winter blendhasanRVP
of .9 bar. Figure 6-2 shows the reductionof vaporpressurewith
temperature. At a given vapor pressure,methanolhas a lower
temperaturethresholdthanethanol.

Figure6-2., Vapor Pressureof ethanol,methanol,and
gasolinedependenceon temperature.

Theadditionof front-endvolatility enhancingagentsimprovescold
starting of high level alcohol blends. Additives tested by
researchersinclude gasoline, butane, isopentane,and dimethyl-
ether. Volkswagenfound that the addition of 8% by volume of
isopentaneextendedthe cold start limit of methanolfrom + 10°C
to approximately-20°C,asshownin Figure 6-3. [14]

Figure 6-4 [15] belowshowshow gasoline,butane,isopentaneand
dimethyl-etheraffectthelimit temperatureof cold startability. The
additives are arrangedin the order of their ability to extend the
cold startlimit. The L~M, andH following the methanol content
designatelow, medium,andhighRVP regulargasolineblends. For
example,RGM85M refersto aM85/15%regulargasolineblendof
mediumvolatility. An isopentaneM-90 blendwas found to extend
the limit to -32°C. The cold temperature limits decrease
significantly with small additionsof the abovementionedadditives.
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Figure 6-3., Cold start performance of methanol/i-
pentaneblends.
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Figure6-4., Effectof additivesto methanolon cold start
temperature limits.

High Temperature Performance

When gasolineas well as alcohol blends in a vehicle are exposed
to high operatingtemperatures,vaportendsto form in fuel pumps,
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fuel rails, lines and carburetors. If too much vapor is formed, a
decreasein fuel flow canoccurto the engineresultingin symptoms
of vapor lock. Theseinclude stalling, hesitation,loss of power or
completestoppagefollowed by difficult restarting. Vapor lock can
becomea real problem as temperaturesrise above the boiling
pointsof fuelsupon shutdownof anengine,makingrestartingvery
difficult. Properenginedesigntechniquescan help alleviate the
problem. New fuel injectionsystemsoperateat higherpressuresto
minimize vapor formation during the pressuredrops that occur
during fast acceleration. Becauseof their lower heating values,
alcohol fuels require fuel injectionsystemsto deliver an increased
amountof fuel perunit time, requiringevenhigherpressuresthan
gasoline-fueledvehicles.[16]

- Low Level Blends

High temperature performance of unmodified present day vehicles
on low-level alcohol blends is generally not a problem. As
previously mentioned, the majority of the world’s auto
manufacturersstatein their 1990carwarrantiesthattheuseof low-
level alcohol blendsis acceptable. However, they caution that if
driveability problemsareencountered,oneshoulddiscontinueuse.
Becauseof the RVP increaseassociatedwith 10%ethanolblends,
high temperature operation of vehiclescan increasethe possibility
of vapor lock conditions. Research has shown varying degreesof
severity, dictated by vehicle fuel control technology. [17,18]
Becauseclosed-loopsystemtechnologyallows for slight variations
in fuel air ratio, little or no negative driveability effects are
encountered due to leaningcausedby the ethanol. Older open-
loop, carburetedvehicles experiencemore driveability problems
associatedwith ethanol leaning effects.

Work at Toyota has shown that the Fuel Evaporative Vapor Index
(FEW), used to predict a fuel’s tendencyto vapor lock, fails to
predict this possible deterioration in driveability when using low-
level methanol blends. The reason for this discrepancy is that,
comparedto gasoline,thevolatility of blendedfuels increasesat a
greaterrate as the temperatureapproachesthe actual operating



6-8 PROPERTIESOF ALCOHOLFUELS

temperaturesof 100°C.
crankingtime increasesas

Figure 6-5 [19] shows that hot start
the percentageof methanolincreases.

Figure 6-5., Relationship between cranking time and
FEW for low level methanol blends.

Compared to methanol, ethanol should produce less of a negative
effect becauseof its lower volatility. Toyota’s warranty,typical of
most major manufacturers including the three largest U.S.
automakers,states: “If driveabilityproblemsareencountered(poor
hot starting,vaporizing, engine knock, etc.), discontinue use”. [20]
Clearly theeffectof low-level alcohol blendsduringhigh operating
conditionsdependson the specificfuel systemandfuel being used.
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- High LevelBlends

Policy Issue#2

High operatingtemperaturesincreasethepossibilityof vapor
lock as the percentageof alcohol increases.This is due to
thevolatility characteristics,low RVP, and flat distillation
curves (see Section 4, Figure 4-3) of neat methanol and
ethanol.

While thefirst generationBankof Americacarburetedvehicleshad
difficulties with vapor lock [21], the newerfuel injecteddedicated
neatalcohol fuel vehiclesandflexible fuel vehiclesor FFVs do not
seem to exhibit these problems. The California Air Resources
Board (CARB) describesdriveability and performance to be
generallyvery good andexcellentfor their dedicatedalcohol fuel
VW, Toyota,Ford FFV~CrownVictorias,andGM VFV* Corsicas.
Thesevehiclesgenerallyoperateon M85 blendscontaininga40%
aromatic-basedgasoline.[22] The high level of aromaticsis added
to increasethe RVP to aid in cold weatherstarting. Seasonally,
gasolineblenderschangethe mixture of componentsin their fuels.
Wintergasolinegenerallyhasmorevolatileadditivesto increasethe
easeof cold weatherstarting. In fall and spring, the arrival of
unseasonallywarmweathercanadverselyaffecttheperformanceof
cold weatherblends. High operating temperaturesmay lead to
vapor lock in the enginesrunningon a cold weatherblend. [23]
Similarly, high-alcohol blends require the use of very volatile
additives to provide the volatility needed for cold weather
operation. These blends are equally susceptibleto vapor lock
during unseasonablywarmweather.

Ford Motor Companyhasadoptedthe term“Flexible Fuel Vehicle” or FFV for its
prototypemulti-fuel vehicles,while GeneralMotors usesthe term“Variable Fuel Vehicle”
or VFV. We will adopt the most commonusageandrefer to all vehicles designedto
operateon gasoline,alcohols,andgasoline/alcoholblendsasflexible fuel vehiclesor FFVs.
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Vehicle Range

PROPERTIESOF ALCOHOL FUELS

Becauseethanolhas a higher heatingvalue and greaterair/fuel
requirementthanmethanol,its overall vehicle rangeif testedin the
samevehicle would fail betweenthat of gasolineand methanol.
The decreasein overall vehicle range when using methanol is
clearly shown in Figure 6-6 below. [24] The vehicle is a Ford
Flexible FuelVehicle(FFV) Crown Victoria which canoperateon
any blendmethanol/gasolineor ethanol/gasolineblend.

Policy Issue#3

The effect of alcohol content on a vehicle’s range is well
known. Alcohols have lessenergy content/unit volume than
gasoline.As the alcohol content of a fuel increases, the
overall rangefor a given vehicle tends to decrease.

~

I II
0 100 200 300 400 500 800

Miles

27 MPG on Gesolne,15.9MPG onM~6

Figure6-6., FFVvehicle rangeon M-85 andgasoline.
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Differencesin aparticularvehicle’srangeareprimarily dictatedby
the fuel economyof the vehicle/fuel combination. Fuel efficiency
is an additional energy-basedparameterused to describe a
particularfuel.

Fueleconomyis measuredin units of distanceper unit volume of
fuel, eithermiles per gallon or kilometersper liter (or gallon). A
recent study conductedby the State of Colorado describestheir
oxygenatedfuels programin which 1.8 million vehiclestravelled
over 4.8 billion miles. The statefound a decreaseof 1-3% in fuel
economyfor the newestclosed-looptechnologyvehiclesoperating
on a 10% ethanolblend. This slight decreaseis due primarily to
the 3% lower Btu/gallon value of a 10% ethanolblend. [25,26]
The California Air Resources Board or CARB has been
periodically testingmethanolfueledprototypessince 1980. [27] In
Brazil the majority of the fleet operateson neatethanol,although
the Brazilianconsumerhasthe optionof purchasing22% ethanol/
78% gasolinevehiclesaswell. [28] Table6-1 is a compilationof
fuel economyfigures from CARB andtheBrazilianMotor Vehicles
ManufacturersAssociation. [29,30]

Table 6-1

Fuel Econ. Gasoline
Vehicle Fuel (MPG) Equiv. MPG

CARBDEDICATED

81 VW M85 12.8-16.0 22.6-28.3
81 VW M85 12.0-15.1 21.2-26.7
83 ESCORT M85 12.6-13.7 22.3-24.2
83 ESCORT M85 13.6-14.7 24.0-26.0
83 ESCORT M85 13.6-17.0 24.0-30.0
83 ESCORT M85 13.1-17.2 23.1-30.4
85 CAMRY M85 15.0-17.2 26.5-30.4
86 CAMRY M85 16.0-16.2 28.3-28.6
86 CARINA M85 18.1-20.5 32.0-36.2
87 CROWN
VICTORIA M85 9.7-10.0 17.1-17.7

88 CORSICA M85 11.4-12.0 20.1-21.2
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U.S. CARBMULTIFUEL

87 FFV CROWN
VICTORIA GAS 16.0-17.4

M25 14.3-15.5 16.4-17.8
M50 11.9-12.7 16.0-17.1
M85 9.2-10.2 16.2-18.0
M100 8.5- 8.8 17.4-18.0
E85 12.2-12.8 17.3-18.1
E95 11.8-11.9 7.5-17.7

88 VFV CORSICA GAS 19.8-22.3
M25 17.8-18.4 20.4-21.1
M50 15.2-16.4 20.4-22.0
M85 11.6-12.5 20.5-22.1
M100 11.0 22.5

BRAZIL GAS. EQUIV.
CITY HGWY CifY HGWY

86 FIAT PREM. E95 20.0 29.8 29.7 44.3
GAS 27.7 40.4

86 ESCORT E95 23.3 32.4 34.7 48.2
GAS 29.4 44.0

86 CHEVETTE E95 21.1 27.3 31.4 40.6
GAS 25.8 33.8

86 VW GOLF E95 20.9 28.7 31.1 42.7
GAS 27.0 35.5

* CARB mileagefigures collectedunderFTP test procedure.

Due to the wide a variety of factors which affect fuel economy,
comparisonsbetweenvehicletypesdo notgive accurateconclusions
abouta fuel’s ability to provide greatermileage. However, in a
FFV or VFV, straight gasoline with its higher heating value,
provideshighermileagepergallonthananyalcoholblendsor neat
fuels. Moreover, the CARB figures for the FFV Crown Victoria
show ethanol to provide more miles per gallon than methanol,
illustrating its higher Btu/gallonvalue.
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The flexible fuel vehicle is clearly a compromise,designedto
operateon the gasolinewhich is availableeverywherein theUnited
Statesandto operatereasonablywell on alcoholfuels andblends.
Vehicles designedspecifically to operateon ethanolor methanol
would not have to make thesedesigncompromises.They would
take full advantageof the higher powerand greaterefficiency of
alcohol fuels, would use the higher compressionratios, andother
designdecisionsthat would increasethe mileageandperformance
of alcohol fuels aboveshownin Table6-1.

Fuelefficiency is measuredthermally insteadof volumetrically.
Alcohol fuels are more thermodynamically fuel efficient than
gasoline. This comparisonis madein units of energyperunit mile
travelled(typically Btus/mile). [31] Comparingthe averagevalues
of theFFV Crown Victoria on gasoline,methanoland ethanol in
Table 6-2, we see the higher efficiency of both methanol and
ethanolover gasoline.

Table 6-2

Heating Value

Fuel MPG Btu/Gal) Btu Mile Improvement
Gasoline 16.7 116,000 6945
Methanol 8.7 56,800 6528 6.0%
Ethanol 11.8 76,000 6440 7.2%

The example is meant for illustrative purposes,to explain the
concept of comparing the efficiency of fuels using the energy
required per unit mile. Actual experimentsby General Motors
have shown alcohol to be slightly more fuel efficient than gasoline
(for moreinformationrefer to). [32] Resultscan vary considerably
dependingon the heatingvaluesusedand differencesin volatility
enhancementadditives.
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